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ABSTRACT
We propose possible probes which could be used to demonstrate experimentally the exis-
tence of the bulk and the formation of a traversable wormhole purely in terms of boundary
operations only. In the two-dimensional Einstein-dilaton gravity, the traversable worm-
hole is realized by turning on a double trace interaction which couples the two boundaries
of the AdS2 black hole. Signals can propagate in the traversable wormhole through two
different channels. The boundary channel is direct and instantaneous, while the bulk
channel respects the bulk causality and takes a certain amount of time to complete sig-
naling. In the latter case, we show that the signal frequency detected on the other side is
highly modulated in general. The time delay as well as the frequency-modulation pattern
could then be clear indications that the signal comes out through the bulk channel. We
discuss the characteristics of the observed signal more explicitly for simple transitional
configurations of the black hole from/to the eternal traversable wormhole.ar
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1 Introduction
Recently, there are remarkable developments on two-dimensional Einstein-dilaton gravity,
dubbed as the Jackiw-Teitelboim(JT) model [1, 2]. The absence of the bulk gravitational
degree of freedom in this model lowers the computational and conceptual hurdles and the
resultant boundary theory, which is known as the Schwarzian theory [3, 4, 5, 6], has led
to full quantum computations, very recently [7, 8, 9] (see [10] in some other direction). In
the context of the AdS/CFT correspondence, the boundary dual theory is also identified
with the Sachdev-Ye-Kitaev(SYK) model [11], which spurs various works on expanding
our understanding. These developments give us various new insights in quantum gravity,
though those seem to be strongly model-dependent at this stage. However, since the JT
model appears as a universal low energy limit of the near horizon on extremal black holes
in the form of nearly AdS2 or nearly dS2 gravity, it would give us useful insights to the
quantum nature of black holes and even in the quantum nature of cosmology [12, 13].
In this note we shall be mainly concerned with bulk aspects of traversable wormholes in
the JT model, which requires the violation of the averaged null energy condition(ANEC) in
a specific way [14, 6, 15]. Although this specific ANEC violating left/right(L/R) boundary
interaction or boundary sources are non-local and lead to a direct instantaneous inter-
action between L/R boundaries, the bulk locality and causality seem to be preserved in
some sense. The usual bulk gravitational interpretation of traversable wormholes in our
model is completely consistent and provides a powerful tool for the probe to the GR=QM
picture [16, 17, 18]. Since the bulk causality seems crucial in this context in order to
take the existence of the bulk as a reality, it is very illuminating to see clearly the bulk
causality features in our model. Specifically, we shall be interested in sending signals from
one boundary to the other one for black holes/wormholes transition configuration, which
would be a characteristic experiment to see the bulk causality.
This note is organized as follows. In section 2, we provide a brief summary of our
setup and recall our bulk solution to the black holes/wormholes transition. In section
3, we describe how to send the signals from one boundary to the other one through the
bulk and what the bulk causality tells us in this process. In section 4, we suggest how to
probe the bulk by a certain experiment for two coupled boundary systems and what is the
specific feature of this experiment, implying the bulk as a reality, compared to the usual
direct interaction between them. In the final section, we conclude with some comments.
1
2 Bulk description of traversable wormholes
In this section we summarize our bulk construction of black hole/wormhole transition
in [19, 20]. Our setup is based on two-dimensional Einstein-dilaton gravity, known as the
JT model. It consists of a dilaton field φ, a metric g, and a free massive scalar field χ
which does not couple directly the dilaton field. Explicitly, its action is given by
I = Itop +
1
16piG
∫
M
d2x
√−g φ
(
R +
2
`2
)
+ Isurf + IM(g, χ) , (2.1)
where
Itop =
φ0
16piG
∫
M
d2x
√−g R , Isurf = − 1
8piG
∫
∂M
√−γ (φ0 + φ)K ,
IM = −1
2
∫
M
d2x
√−g(∇χ · ∇χ+m2χ2) . (2.2)
Here, ` is the AdS radius, and γij and K denote the induced metric and the extrinsic
curvature at ∂M , respectively. The dilaton field φ plays the role of the Lagrange multiplier
and sets the metric to be AdS2 which can be written in the global coordinates as
ds2 =
`2
cos2 µ
(−dτ 2 + dµ2) , µ ∈ [−pi
2
, pi
2
] . (2.3)
The metric variation leads to the equations of motion for the dilaton field φ as
∇a∇bφ− gab∇2φ+ gabφ = −8piGTab , (2.4)
where Tab is the stress tensor of the scalar field χ,
Tab = ∇aχ∇bχ− 1
2
gab
(∇χ · ∇χ+m2χ2) . (2.5)
In this note, we shall set 8piG = 1 for the simplicity. With Tab = 0, the non-vanishing
general vacuum solution for the dilaton field, which could be interpreted as black holes,
can be obtained in the form of
φBH = φ¯L
cos τ
cosµ
, (2.6)
where we used SL(2,R) to set the solution in the above form [19]. Here, the length
dimension parameter L could be interpreted as the horizon radius, which can be shown
as follows: By an appropriate coordinate transformation the above AdS2 metric can be
set in the form of the black hole metric as
ds2 = −r
2 − L2
`2
dt2 +
`2
r2 − L2dr
2 . (2.7)
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We are in the low energy regime when L `.
In the context of nearly AdS2 gravity [5, 21], the degrees of freedom in this system
reside on the boundaries and their dynamics may be described by a Schwarzian theory.
In this description, boundary values of the metric and the dilaton could be taken in → 0
limit as
ds2|∂M = − 1
2
du˜2 , φ|∂M = ` φ¯

, (2.8)
where u˜ denotes the (proper) boundary time. In order to construct the traversable worm-
holes in the bulk [14], we need the non-trivial scalar field χ, whose boundary behavior is
given by
χ|∂M = ∆α˜ + · · ·+ 1−∆β˜ + · · · , (2.9)
and the mixed boundary condition corresponds to
β˜L/R ∝ α˜R/L , (2.10)
where the subscript L/R refers to the left/right boundary, respectively. According to the
AdS/CFT correspondence, this boundary condition corresponds to the double trace defor-
mation of the boundary theory [22, 23], and may be written explicitly as the deformation
of the boundary Hamiltonian
δH(u˜) = −h(u˜)OR(u˜)OL(u˜) , (2.11)
where OR,L are scalar operators of dimension ∆ ∈ (0, 1/2), dual to χ. On the other
hand, by taking β˜ as the source term, this deformation could be realized as the non-local
interaction with the SL(2,R) gauge constraint (see [5, 21, 24]). In this note, we take the
L/R boundary proper time as the same one u˜. One may equivalently describe the system
by the Schwarzian derivatives at the boundaries with an interaction term [6, 25],
S =
∫
du˜ [−φL Sch(u˜)− φR Sch(u˜)] + Sint , (2.12)
where
Sch(u˜) ≡
{
tan τ(u˜)
2
, u˜
}
, Sint ≡ g22∆
∫
du˜
[
τ ′L(u˜)τ
′
R(u˜)
cos2
τL(u˜)−τR(u˜)
2
]∆
. (2.13)
Here, φL = φR can be identified with φ¯ in the bulk and g is a coupling proportional to
the parameter h, whose explicit identification is given by [19]
g =
h
2pi
22∆−1Γ2(∆)
Γ(2∆)
. (2.14)
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Though the metric is not affected by the presence of the matter field χ, the deformation
(2.11) via the scalar field χ affect the dilaton field φ through (2.4). The general solution
of (2.4) can be written as [19]
φ = φhom + ϕ, (2.15)
where φhom denotes a vacuum solution (i.e. Tab = 0 case) and ϕ is given by
ϕ(u, v) =
∫ u
u0
dp
sin(p− u) cos(p− v)
cos(u− v) Tuu(p, v) . (2.16)
Here, u and v are global null coordinates defined by u ≡ 1
2
(τ + µ), v ≡ 1
2
(τ − µ).
Now, we consider eternal traversable wormholes (ETWs) in this setup. As was shown
in [20], by turning on the double trace interaction from the infinite past with the symmetric
choice τL(u˜) = τR(u˜) = τ(u˜) and by taking φhom = 0, the ETWs could be realized by the
dilaton field solution as
φETW(u, v) =
1
2
ϕI(u, v) , (2.17)
where
ϕI(u, v) =
4`2h¯∆N∆
22∆
B(2−∆,2−∆)
1−∆
sin3−2∆ |u−v|
cos |u−v| F
(
1−∆, 1−∆ ; 5
2
−∆ | sin2(u− v)) . (2.18)
Here, we would like to remind that the final expression of the dilaton field φ is obtained by
a certain averaging procedure from a subregion contribution denoted as ϕI. In this case,
the sources at L/R boundaries are infinitely spread, and so one needs to add the subregion
contribution appropriately. See [20] for the details and the notation. Whereas, by turning
on the double trace interaction at a certain time (concretely speaking, at τi = 0) and by
adjusting its strength h appropriately as
h = φ¯
4pi
∆B(∆,∆)
(
L
`2
)2(1−∆)
, (2.19)
the ETW configuration can be joined with the black hole configuration. Explicitly, the
dilaton field can be obtained as
φ = φ¯ L
cos τ
cosµ
+ ϕTW(u, v; qi = pi/4 |L) , (2.20)
where we have taken φhom = φBH and ϕTW denotes a specific combination of ϕI(u, v ; qi)
according to the value of qi (see Eq.(4.13) in [20]). Here, ϕI(u, v ; qi) is given by
ϕI(u, v ; qi) = `
2 h¯∆N∆
22∆−2
∫ u
qi
dq
[
w1−∆(1− w)2∆−1 + ∆1 + w
1− wBw(1−∆, 2∆)
]
. (2.21)
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Under our gauge choice, through the asymptotic expansion of the dilaton field φ, it turns
out that the boundary proper time coordinates u˜ is related to the bulk global time τ as
u˜ = θ(−τ)`
2
L
arctanh sin τ + θ(τ)
`2
L
τ (τ > −pi/2) , (2.22)
which shows a transition from black holes to ETWs around the point τ = 0. In the
following, we consider sending signals on this black hole/ETW transition configuration.
To see the bulk propagation of signal, we perturb the right system by turning on a source
term to the total action by
L = LTW + γs(u˜)O
R
∆˜
(u˜) , (2.23)
where LTW denotes the boundary action for two nearly CFT1’s dual to the bulk gravity
theory with the double trace deformation as
LTW = LL + LR + hO
L
∆(u˜)O
R
∆(u˜) . (2.24)
One may recall that LTW could be thought as the appropriate low energy (nearly CFT1)
limit of two coupled SYK models1 [6, 25].
If the bulk starts with the two-sided black hole spacetime, the corresponding boundary
system should be prepared at some initial time u˜I (< 0) in a particularly entangled state,
more specifically, a so-called thermofield double state. Basically here we are following the
general correspondence between the two-sided black hole spacetime and the thermofield
double description of the L-R boundary system [26, 19]. In this correspondence, the initial
state is given by
|Ψ(u˜ = u˜I)〉 = 1√
Z
∑
n
e−(
β
2
+2iu˜I)En |n〉 ⊗ |n〉 , (2.25)
where
√
Z is the normalization factor and the inverse temperature β is an inverse of the
Gibbons-Hawking temperature
β =
1
T
=
2pi`2
L
. (2.26)
Note that the L and R systems (without L-R interactions) possess an identical (nearly)
CFT1 Hamiltonian H leading to identification HL/HR = H ⊗ 1/ 1⊗H, respectively. En
and |n〉 are denoting eigenvalues and eigenstates of the Hamiltonian H. Thus initially
the left and right boundary systems are maximally entangled for a given temperature T
and further the phase factor of each |n〉 ⊗ |n〉 should be arranged initially as given in
the above. The subsequent time evolution for the two-sided black hole system is given in
1The parameter g in the Schwarzian theory could be written in terms of the SYK model variables as
φ¯ = µαSJ and
g
22∆ (
N
φR
)2∆−1 = µαSJ
c∆
(2αS)2∆
(see [25] for this identification).
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terms of total Hamiltonian Htotal = HL + HR. When an additional interaction is turned
on, of course, the total Hamiltonian of the system becomes Htotal = HL +HR +Hint with
Hint = δH in (2.11) e.g. for the black hole/ETW transitional configuration. When the
transition occurs at u˜i = 0 as above, we note that the thermofield state at u˜ = 0 can be
approximated to the ground state of the ETW system [25] and the subsequent evolution
after the transition is almost stationary.
3 Signaling in traversable wormhole
In this section, we shall clarify signal propagations in our traversable wormhole systems.
See [27, 28] for some related aspects. Of course, without the double trace deformation,
the L-R systems are completely disconnected from each other and there is no way to send
any signal from one side to the other. In the bulk of the black hole spacetime, a signal
from one boundary enters the horizon and hits the singularity before meeting the other
side. Namely the wormhole is not traversable in this case.
Once the L-R interaction is turned on, the wormhole becomes traversable. In this
traversable wormhole system, there are generically two channels of the information prop-
agation2. One is the channel through the bulk. This respects the bulk causality and
takes a certain amount of time for a signal transfer. This can be used for the quantum
teleportation sending quantum states through the bulk. The other channel is through
the direct interaction which is instantaneous as the left and the right boundary times are
identified and consequently interaction requires no time delay. Let us clarify these two
channels respectively beginning with the bulk signaling.
To this end, we turn on the source term on the right side (or the left side if one wishes)
for an operator of dimension ∆˜ as given in (2.23). We shall switch on the source term
only for u˜ ∈ [u˜i, u˜f ], so s(u˜) vanishes when u˜ < u˜i or u˜ > u˜f . First, let us recall that the
bulk to boundary two point functions are given by
KL(τ − τs, µ; ∆) = N∆
[ cosµ
cos(τ − τs) + sinµ
]∆
,
KR(τ − τs, µ,∆) = N∆
[ cosµ
cos(τ − τs)− sinµ
]∆
, (3.1)
where
N∆ = 2
∆−2Γ2(∆)
piΓ(2∆)
. (3.2)
Here, L/R represent that the locations of the relevant boundary sources, which are taken,
in global (τ, µ) coordinates, as (τs,−pi2 ) for KL and as (τs, pi2 ) for KR, respectively. Since
2We thank Juan Maldacena for the discussions and clarification on this point.
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the exponent ∆ is not an integer in our case, the phase of KL/R functions should be chosen
appropriately, whenever the values inside brackets are negative.
Since we turn on the right side source, we use KR to construct the corresponding bulk
solution. The retarded condition requires τ − τs > −µ+ pi2 . The corresponding scalar field
is solved by
χ = γ
∫ τf
τi
dτs s˜(τs)K(τ − τs, µ; ∆˜) , (3.3)
where
s˜(τs) = s(u˜(τs))(τ
′
s)
∆˜−1 . (3.4)
The retarded Green function K is given by3
K(τ, µ; ∆) = i
(
KR(τ − i, µ; ∆)−K∗R(τ + i, µ; ∆)
)
θ
(
τ − τs
)
= 2 sin νR|KR(τ, µ; ∆)|θ
(
τ − τs + µ− pi
2
)
, (3.5)
where νR refers to the phase as in K
∗
R(τ + i) = e
iνR |K∗R(τ + i)|.
At this stage, it would be useful to provide some details for the second equality in
(3.5). This is related to the phase choice or the choice of branch cut and appropriate
sheet in the multi-valued function f(x) = x∆ in the bulk to boundary function KR.
If we ignore the multi-valuedness of the bulk to boundary function KR in (3.1), it is
2pi periodic with respect to τ − τs, and then the evaluation point (u, v) would be space-
like separated from the source point (τs,
pi
2
), as can be seen from Figure 1. This naive
periodicity give us the incorrect physical picture, since the evaluation point (u, v) should
be time-like separated from the source point (τs,
pi
2
). In order to rectify this unwilling
aspect, we need to introduce appropriate phase factors in KR (or K
∗
R) in such a way that
the evaluation point (u, v) is time-like separated from the source point. In other words,
we need to choose appropriate sheet for the correct value of the multi-valued function
f(x) = x∆. From the causality consideration, the appropriate phase choice in K∗R would
be[ cosµ
cos(τ − τs)− sinµ
]∆
→
[
− cosµ
cos(τ − τs)− sinµ
]∆
= eipi∆
[ cosµ
cos(τ − τs)− sinµ
]∆
. (3.6)
The additional phase eipi∆ should be taken into consideration whenever we go across +45◦
red lines from yellow to green triangle regions in an upward direction and vice versa.
Equipped with these additional phases one can obtain the final expression in (3.5). After
3We have taken the conventional retarded Green function as Gret(x, x
′) ≡i〈[χ(x), χ(x′)]〉θ(τ − τ ′),
which satisfies (−+m2)Gret(x) = δ(x).
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µ = pi2 µ =
pi
2
L R
(τs + 3pi,
pi
2)
(τs + 2pi,
pi
2)
(u, v)
(τs + pi,
pi
2)
(τs,
pi
2)
µ = −pi2 µ = pi2
L R
4ν
τ = 3pi 3ν
τ = 2pi2ν
ντ = pi
0 τ = 0
−ν
Figure 1: On the left, the evaluation point (u, v) should be timelike separated from the source
point (τs,
pi
2 ), while the naive 2pi periodicity implies that it is spacelike separated from the source.
On the right, the phase assignment for K∗R is given where ν = pi∆ with τs = 0.
these considerations, we obtain the phase assignments of νR in Figure 1 as follows
4:
νR(τ − τs, µ; ∆) =
 (2n+ 1)pi∆ if −µ+
(
2n+ 1
2
)
pi < τ − τs < µ+
(
2n+ 3
2
)
pi
2npi∆ if µ+
(
2n− 1
2
)
pi < τ − τs < −µ+
(
2n+ 1
2
)
pi
.
We illustrate this phase assignment on the right of Figure 1.
In the asymptotic region of the left boundary µ ∼ −pi/2, the leading order of the
scalar field behaves as
χ = O(cos∆˜ µ) . (3.7)
Hence, no source term is present in the left side while the expectation value of operator
O∆˜L is induced by the bulk transmission. The induced expectation value is given by
〈OL(τ)〉 = 2N∆˜γ
∫ τf
τi
dτs s˜(τs)
[ 1
1 + cos(τ − τs)
]∆˜
θ
(
τ − τs − pi
)
sin νLR (3.8)
with νLR denoting νR(τ − τs;−pi/2; ∆˜). The factor in the square bracket becomes infinity
when τ−τs = (2n+1)pi with integer n. Therefore, the information on the left side appears
4This phase assignment is already made in our previous work [20].
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only when τ > τs + pi and the corresponding propagation respects bulk causality. Here,
we also record the expectation value induced on the right side given by
〈OR(τ)〉 = 2N∆˜γ
∫ τf
τi
dτs s˜(τs)
[ 1
1− cos(τ − τs)
]∆˜
θ
(
τ − τs
)
sin νRR (3.9)
with νRR denoting νR(τ − τs; pi/2; ∆˜). Note that the factor in the square bracket in this
RR case becomes infinity when τ − τs = 2npi with integer n.
L R
Figure 2: The traversable wormhole system is depicted schematically. One channel of signal
propagation is through the bulk, which takes a certain amount of time due to the bulk causality.
The other is the direct propagation through the interaction between the L-R systems, which is
instantaneous.
One may perform the corresponding CFT analysis. There the propagator from the
right source to the expectation value on the left is simply given by
kLR(τ − τs; ∆˜) = 2N∆˜
[ 1
1 + cos(τ − τs)
]∆˜
θ
(
τ − τs − pi
)
sin νLR , (3.10)
which is following from the nearly conformal symmetry of the traversable wormhole sys-
tem. Then from this the above result can be regained straightforwardly.
We now turn to the discussion of the other channel, which may be more clearly seen
in the Schwarzian description in (2.12). In this system, we consider the right-side per-
turbation in (2.23). This perturbation will produce the stress tensor, which will affect
the dilaton. Hence τR will be instantaneously excited. The left side τL will be instanta-
neously affected by the perturbation of τR, which is basically due to the L-R interaction
term. This signal exchange is G suppressed since the R-L propagation in this way includes
one 8piG factor which is set to be unity in our convention. In the bulk description, this
exchange of information between L-R sides is corresponding to (pre)arrangement of L-R
9
perturbation terms consistently. Of course these L-R perturbations are further affecting
the bulk, whose propagation respects the bulk causality.
These two channels are schematically depicted in Figure 2. The big circle represents
the bulk traversable wormhole and small red circle represents the instantaneous boundary
channel directly through the interactions. Our wormhole system can be embedded into
higher dimensions [15] (see also [29]). In this case, the L and R systems can be spatially
separated in the boundary spacetime. Of course, the boundary signal propagation through
the boundary interactions takes some amount of time depending on the separation. Then
the overall causality requires that the bulk propagation through the wormhole should not
be faster than the boundary propagation, as dictated by the causality of the boundary
theory. Interestingly, this is consistent with the Gao-Wald theorem [30, 31], even though
some conditions for the theorem are violated in our setup.
In the next section, we shall discuss a possible experimental probe of the bulk channel
purely in terms of boundary operations. This discussion is focused on the characteristics
of the bulk channel that can also be used for the quantum teleportation.
4 Experimental probes of wormholes
In the L-R boundary systems, suppose that signals are sent from the R system and the
observer in the L system detects them. The observer may wonder from which channel they
emerged. The boundary channel would always be an obvious candidate since, without
any boundary interaction, the two systems are completely disconnected. Then it would be
more interesting to ask whether there is any situation that the L observer would naturally
conclude that the detected signal must have passed not through the usual boundary
channel but through other channel, i.e., the bulk channel. Note that from the pure
boundary viewpoint, the existence of the bulk itself is nontrivial and also a boundary
interaction does not always guarantee traversability of the bulk channel.
To answer this question, let us consider the configuration (2.20), which describes
the black hole/ETW transition as depicted on the left panel of Figure 3, dubbed as
transparentization of a black hole to an ETW [20]. The boundary time u˜ is then related
to the bulk global time as (2.22). In this configuration, one may send a signal through
the bulk from one to the other side with perturbation (2.23). The boundary time u˜o that
the signal sent at u˜s is observed at the other side is given by
u˜o =
β
2
+ θ(u˜s)u˜+
β
2pi
θ(−u˜s) arcsin tanh 2piu˜s
β
. (4.1)
As discussed in [20], the signals sent during −∞ < u˜s < 0, which is before turning on
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the boundary interaction, would come out at the other side during the time β
4
< u˜o <
β
2
,
obeying the bulk causality. Moreover, they are blue-shifted. If the signals are sent with
frequency ωs which is controlled by the source term s(u˜) in (2.23), the frequency ωo
observed at the other side is given by
ωo = ωs cosh
2piu˜s
β
. (4.2)
Note that the signal sent earlier would be blue-shifted more strongly. For example, the
blue-shift factor is 268 for u˜s = −β, while it is as high as 143376 for u˜s = −2β.
µ = −pi2 µ = pi2
τi = 0 τi = 0
µ = −pi2 µ = pi2
τi τi
Figure 3: On the left we depict a transitional configuration of the black hole to ETW where
the L-R boundary interaction is turned on at u˜i = 0. On the right we depict a transitional
configuration of the black hole to an excited (oscillatory) ETW state where the L-R boundary
interaction is turned on at u˜i > 0. Signals sent before turning on the L-R interaction through the
bulk channel emerges to the other side after some amount of time with modulated frequencies,
which is a clear evidence of the existence of the bulk channel and traversability.
On the other hand, it is obvious that signals from the boundary channel would emerge
to the other side instantaneously without any blue-shift factor. Therefore, even though
there are two channels of signal propagation, they could be clearly distinguished in the
black hole/ETW transitional configuration.
It might be the case that experimentally realizing the particular set of phases ap-
pearing in the thermofield initial state in (2.25) is not that straightforward. To avoid
such complications, one may turn on the L-R interaction at u˜ = u˜i > 0 and consider
the system from u˜I = 0 in which the initial state does not involve any such phases. The
11
τ ′
V (τ ′)
Ei
2pi
βgτ ′min τ
′
max
Figure 4: The potential as a function of τ ′ is depicted in this figure. We also indicate the
bounded motion and its energy which is negative.
corresponding Schwarzian dynamics is described by
L = φ¯
(τ ′′
τ ′
)2
− φ¯ (τ ′)2 + g
22∆
(τ ′)2∆θ(u˜− u˜i) , (4.3)
where we set τL = τR = τ as before
5. We begin with a black hole with an inverse
temperature β described by a solution sin τ = tanh 2piu˜
β
for u˜ < u˜i. At u˜ = u˜i where the
interaction is turned on, τ ′ and τ ′′ should be continuous. We require Ei < 0 right after
the interaction is turned on in order to have a bound state motion (τ ′ > 0) leading to a
traversable wormhole state. This then gives a condition
∆ cosh2∆
2piu˜i
β
<
(
β
βg
)2(1−∆)
, (4.4)
where we introduce a length scale βg by
βg = 2pi
(
g∆
22∆φ¯
)− 1
2(1−∆)
. (4.5)
The subsequent time evolution with variable τ ′ satisfies the equation of motion
Ei = φ¯
[(τ ′′
τ ′
)2
+ φ¯ (τ ′)2
]
− g
22∆
(τ ′)2∆ , (4.6)
as depicted in Figure 4. This wormhole configuration is in an excited state of the ETW
system and becomes oscillatory as depicted on the right side panel of Figure 3. Note that
5Normally we take Y = log τ ′ as our dynamical variable and then the kinetic term is given by K =
φ¯ (Y ′)2 together with the potential V = φ¯ e2Y − g22∆ e2∆Yθ(u˜− u˜i).
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the L/R boundary trajectories (green curves in the right panel in Figure 3) are determined
by the equations
µ(u˜) = ∓
[pi
2
− τ ′(u˜) +O(2)
]
. (4.7)
We now send a signal from the right at u˜ = u˜s with 0 < u˜s. One finds the sig-
nal through the wormhole appears on the left side when u˜o determined by the condition
τ(u˜o) = τ(u˜s) + pi. Thus again there is the corresponding delay and the frequency modu-
lation of signal is given by
ω0 = ωs
τ ′(u˜o)
τ ′(u˜s)
, (4.8)
which may be either red-shifted or blue-shifted depending on u˜s and the parameter βg.
Finally, one may also consider the ETW/black hole transitional configuration given in
[20] where its transition is now induced by turning off the L-R interaction at u˜i = 0. In
this case, one finds again a delay together with a modulation of the signal frequency. Its
experimental realization is expected to be relatively simple since our system in this case
starts in the ground state of the ETW system which is stationary until the transition.
In condensed matter physics, there are several attempts to engineer the SYK model
with ultracold gases, graphene flakes, quantum wires or 3D topological insulators (see
e.g. [32] and references therein). Then it might be possible to experimentally realize
the holographic dual of the traversable wormhole system by entangling two SYK model
systems. By turning on or off different type of interactions between them, one may send
signals from one side to the other. If frequency-modulated signals are detected after some
amount of time delay for a double trace interaction while no such signals are observed
for other cases, it could be considered as a strong evidence that the bulk is real and a
traversable wormhole is formed between the two systems.
5 Conclusions
In this note, we clarify the nature of signal propagation in traversable wormhole system.
Basically we show that there are two independent channels. One is through the bulk
wormhole and the other is the direct boundary channel which is via the boundary inter-
action. We also describe in detail how the information can be transferred from one side to
the other through the bulk wormhole using a bulk scalar field dual to a boundary scalar
operator.
We then take the examples of the bulk representing the transition from the black
hole from/to the ETW geometry where the transition is induced by turning off/on the
double trace deformation. The signal from one side emerges to the other side after certain
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amount of time perfectly respecting the bulk causality. The signal frequency detected on
the other side will be in general highly modulated while passing through the bulk of
traversable wormhole. These two facts may be used to show the existence of the bulk
wormhole since the frequency-modulation patterns as well as the time delay imprint clear
characteristics of the bulk geometry. Also note that, in this measurement, one needs to
perform a simple set of purely boundary operations only.
The experimental realization of our setup in the boundary system seems feasible with-
out any fundamental difficulties such as probing the behind horizon degrees in ordinary
two-sided black hole systems.
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